The wa~•e roror is a promising means of pressure-gain for gas turbine engines. This paper examines novel wave rotor topping cycles that incorporate low-NO,, combustion straregies. This approach combines two-s rage ''rich-quench-lean'· ( RQL) 
Introduction
The development of more efficient. less polluting gas turbines requires the pressure ratios and temperatures of conventional components to be pushed to unproved limits, while curbing the formation of oxides of nitrogen (NO, ) at high tern peratures. The wave rotor is a single component combining gas compression, expansion, and possibly combustion, with the potential for significantly increasing specific power and decreasing fuel consumption in advanced turbine engines.
A wave rotor utilizes direct fluid-fluid energy exchange in channels using pressure waves. as in a shock tube. A number of channels separated by thin walls are arrayed on the periphery of a cylindrical rotor. The wave processes are made periodic by turning the rotor to connect the channels intermittently with appropriately located inlet and outlet manifolds. The closing and opening of the ends of each channel, by the use of stator end plates between the manifolds, initiates compression or expansion waves in the channel, similar to the breaking of a shock tube diaphragm. The simplest wave rotors have straight constant-area axial channels and are turned by an external drive. Free-running wave rotors and wave turbines may have slanted or curved channels for self-rotation and shaft work output. A '·wave rotor combustor" is a wave rotor in which combustion occurs on-board, within its channels.
An important feature of wave rotors is that when the channel walls are alternately exposed to hot and cold fluid, their temperature can be maintained below the peak temperature in the tluid. ln a gas turbine engine this feature permits using a cycle that circumvents the usual turbine inlet temperature ( TIT) limitation. Considerable historical information and reviews of progress in wave rotors can be found in the proceedings of the 1985 Naval Postgraduate School Wave Rotor Workshop (Shreeve and Mathur, editors) and the works of Sladky (1984) , Azoury (1965-66 ) , and Foa ( 1960) . Currently. a research program at the NASA Lewis Research Center is pursuing basic studies of wave rotor performance and loss mechanisms (Wilson, 1993) , ' 
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to obtain reliable models that will be useful in future aircraft propulsion designs. Recent work at Cornell University focused on analytic methods ( Resler et al. 1994) and NO, control (Nalim et al.. 1993; Nalim. 1994a ).
Topping Cycle With External
2 Combustion. The most straightforward application of a wave rotor in a gas turbine is to provide a topping cycle to increase the efficiency and overall cycle work. Low-pressure air is compressed in the wave rotor passages by compression waves generated by hot combustion gases from an external steady tlow combustor. The hot gases expand and cool before being sent to the turbine, which therefore operates at a lower temperature than the combustor exit.
The application of a wave rotor in a topping cycle has several advantages over turbomachinery technology:
(a) Flow passages are self-cooled since they are alternately exposed to cool compressor discharge air and hot combustor exit tlow. Thus, it is able to provide higher peak cycle temperatures without the need for correspondingly advanced materials. (b) The rotational speed can be kept relatively low, resulting in greater durability and/ or higher peak cycle temperatures. (c) It can provide efficient compression at the high-pressure ehd of the cycle where conventional compressors suffer from severe tip leakage due to the small flow passage. Additional air is then injected into the rich-burn products wi th very rapid mixing to a sufficiently low temperature to minimize NO, formation, and combustion is completed in the now lean mixture. There are two major challenges encountered with this scheme. First, the rich zone is very hot (2200-2500 K) , but the combustor wall cannot be cooled by a fi lm of air as in ordinary combustors since excessive NO. will be formed. Second, the large vol ume of air that bypassed the rich-burn section must quickly mix with the rich burn products without forming excessive NOx. The peak temperature in the mixing zone and the pressure drop available for inje. ction of air are critical factors controlling mixing-zone NO, formation. The use of a wave rotor allows both these critical parameters to be addressed. Most NO, in RQL combustors is produced in the mixing zone, where a diffusion-type tlame exists with near-stoichiometric conditions. The mixing rate (and NO,) depends on the momentum tlux ratio of the two streams at injection. A pressure difference of about 8-10 percent is desirable for mixing, but this results in a significant efficiency penalty for conventional engines. Figure 1 is a graph of the NO formation rate in a stoichiometric mixture, based on Zeldovich kinetics. It illustrates the strong temperature dependence of the NO formation rate, and thus the importance of limiting the stoichiometric temperature.
Wave Rotor Engine Concepts With Low NO, Potential
Although the wave rotor permits a higher combustor exit temperature relative to the TIT, NO, limitations may still constrain combustor temperatures. We seek to design a wave rotor flow cycle and a corresponding engine cycle to mitigate or circumvent this constraint, and ev. en to enhance the effectiveness of the combustor strategies used to reduce NO, .
The wave rotor allows two new concepts to control NO, while boosting engine performance. One concept is to stage the combustion process in rich and lean sections, similar to the RQL scheme, and to use a wave rotor between the stages to extract energy from the rich product gas. The product gas cools by expansion ("wave quenching" at constant composition) in Nomenclature a = speed of sound M = Mach number p =pressure the wave rotor and thus lowers the stoichiometric temperature in the mixing zcne of the second stage where most NO, is otherwise produced in RQL-type combustors. Also, part of the energy extracted is available via the wave rotor to boost the pressure of the bypass air injected in the second stage. The pressure differential for mixing can be increased 10 about I 0 percent without a significant penalty, for enhanced mixing and minimal residence time at stoichiometric conditions. We refer to this concept as Rich-Wave-Quench-Lean (RWQL). The other concept is to accomplish combustion within the wave rotor channels, followed by immediate wave expansion of the hot gas, so that the residence time at peak temperature is minimal. The near-constant-volume combustion produces a pressure gain. In general, this may be done with lean or rich combustion. For combination with the RWQL concept. the wave rotor provides the rich combustion stage. Its additional advantages are that: (a) the need for a high temperature liner for the rich combustion zone is eliminated, ( b) residence time at peak temperature could be reduced to a fraction of a millisecond, and (c) mechanical complexity is reduced; the ducting is much simplified and fewer special-shape manifolds are needed. In-rotor combustion is less well understood and more challenging than steady-flow combustors, and has not been convincingly demonstrated in practice. Well-controlled intermittent combustion with sufficient rapidity and reliability would have to be achieved. With rich combustion, mixing with air at high temperature must be controlled. Therefore, the emphasis in this paper will be on the RWQL concept with external, rather than with in-rotor combustion.
The RWQL thermodynamic cycle is similar to a reheat cycle, with a part of the air participating in the high-pressure richburn stage. The cycle work and efficiency of the cycle is thus considerably enhanced beyond conventional Brayton cycle performance for the same TIT, while mixing-zone NO, fo•mation is greatly reduced. The reduction in stoichiometric temperature is equivalent to a reduction in inlet temperature for a unitary combustor. NO. emissions are expected to be considerably less than with RQL or lean-premixed-pre-vaporized ( LPP) combustion in simple cycles.
Splitter RWQL Scheme. The simplest version of the RWQL approach is the "Splitter" RWQL scheme, in which the air being compressed within the wave rotor is split in two streams: ( l) a medium-pressure stream for injection into the quick-mix zone, and (2) a high-pressure stream for the rich stage. This is schematical ly illustrated in Fig. 2 , with alternate tlow paths for rich stage combustion external to the rotor or within the rotor (heavy broken line).
Wave Turbine and Bypass Turbine RWQL Schemes. The extent of expansion of the rich product gas is determined by the work transfer effected in the wave rotor. In the ordinary splitter scheme (with external or internal combustion, and axial blades), this is limited to the compression work for the medium and high-pressure streams. However, if the wave rotor is designed with slanted or curved channels so that shaft work is produced in addition to the compression work (making it a wave turbine), the "wave quench" effect can be considerably enhanced.
a 1 = reference speed of sound <f> = fuel/air equivalence ratio y == specific heat ratio The practicality of a wave turbine will depend on matching shaft power to drive requirements. An alternative scheme that allows a large wave quench without the complication of a wave turbine is the "Bypass Turbine'· RWQL scheme. illustrated in Fig. 3 . Bypass air is boosted to the same high pressure as the rich-burn air, thus absorbing a considerable amount of energy from the expanding rich product gas. The excess work must be extracted in a bypass turbine.
The reduction in stoichiometric temperature can be amplified by heat transfer from the rich product gas to the bypass air, via the channel walls and by cooling the rich burner (if external). as well by an optional heat exchanger following the wave rotor. In this way, the bypass air will also contribute to the upper stage of the thermodynamic cycle.
Methods of Analysis
The following methodology is used to analyze the flow and design the wave rotor:
(a) lnhially an approximate nonlinear analytical method is used, which a llows a parametric study and gives a design starting point. It uses the theory of characteristics, with some assumptions, and includes losses peculiar to the wave rotor. This method is described in detail by Resler et al. (1994) and N ali m ( 1994a) . (b) Using boundary condition information from the approximate analysis, a computer code using th e method of characteristics generates a wave diagram and provides a preliminary simulation with port timings and fluxes. This code is described by Nalim ( 1994a 
Governing Equations for Analytical and Characteristics
Methods. At the simplest level. the wave rotor treated as a " black box" must satisfy the conservation laws. The unsteady flow processes in the wave channe ls are periodic, and there is no net accumulation of mass or energy in the rotor. Therefore conservation of mass and energy is required of the steady port fl ows, summed together with any shaft work contribution. For the internal flow analysis, the length-to-width r~tio of the wave-rotor channels is assumed to be sufficiently large for the flow to be treated as one dimensional. Viscous forces and d issipation, heat transfer, and finite-channel-width effects are neglected; however. shock losses are incorporated in the flow solution. Thus, the one-dimensional nonsteady Euler equations apply for the flow in a wave channel.
Using the ideal gas Jaw and the relation a~ = -ypl p for the speed of sound. the conservation equations can be wri tten in terms of a and the entropy, s. The hyperbolic character of the equations leads to solutions that can be described in terms of waves. For multi-isentropic flows in constant area straight c hannels, where individual particles of fluid each have constant (if different) entropy, the equati ons can be written (see, e.g., Kantrowitz, 1958) 
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A third equation is necessary to specify the entropy. For homoentropic Row, the characteristic quantities are constant along the respective characteristi c directions ( i.e., P = 2al( y -I )
Wave Diagrams. The unsteady flow process within the wave rotor is best illustrated by a wave diagram. This may be viewed as an x-1 diagram. which is a time history of the flow in any s ing le channel. Alternatively, it may be viewed as an instantaneous "'snapshot"· of the flow in the entire rotor ( ignoring the channel walls ), with the rotor "unwrapped" or developed. Figure 4 is a generic wave diagram for the RWQL schemes with external combustion. The numerals/letters indicate various states or regions of the flow; the ports will be referred to by the adjacent llow region with flow variables identical to those at the port in the channel frame of reference. In the case of the splitter scheme, the shaded port adjacent to state I will be open, whereas for the bypass-turbine scheme it will be closed by the end plate. 
Method
A major impediment to the successful design of useful wave rotor cycles has been the lack of complete closed-form analytic solutions for most wave rotor ftows with significant work exchange. Given boundary conditions based on preliminary design, numerical codes can be applied. While such codes are necessary for tbe accurate analysis of a wave cycle design, they Air extracts energy from rich product gas via wave rotor work exchange and optional heat exchange .._ _ _ _ X are not by themselves helpful to generate new cycles or to g uide a designer quickly to a choice between various wave features.
It is therefore advantageous to develop approximate analytical relations for the nonl inear wave phenomena that occur in wave rotors, making simplifications that lead to useful expressions for preliminary design. The analyses used here are primarily applicable to wave cycles that have uniform flow in a majority of the ports; however, they do yield a complete design of such cycles in an integral sense. The details of any actual nonuniform flow in some p011s can then be computed. Using this approach a wave rotor cycle is formulated to perform a desired funct ion as an engine component. The input and output flows of the wave rotor are matched to the constraints imposed by the connecting components, such as a turbine or combustor, and the desig n perform ance of the combined system is evaluated. Detai led numerical simulation is then used to refine this model.
The parametric study provides a comparative assessment of the two versions of the RWQL scheme relati ve to conventional cycle engines. The performance of the RWQL cycle is computed (net cycle work and efficiency) for each combination of parameters, and is then expressed in terms of an equivalent conventional cycle with the same perfom1ance. This equivalent cycle is assumed to use perfect loss-free turbomachinery and have a 5 percent combustor pressure drop. The analytic solution is easil y set up to optimize the preliminary design with res pect to performance and NO, reduction. This may not necessarily be the optimal solution if detailed flow computation is used. Nevertheless, it is a useful indication of the relative payoff possible with differe nt approaches.
The wave cycle design for the RWQL scheme has a multiplicity of objectives. including bypass air boost pressure and reduction in stoichiometric temperature (whereas four-port topping cycle designs seek only maximum pressure gain). Also, the pressure boost sought for the injection of air in each combustion zone is narrowly specified (around 10 percent pressure drop with some allowance for unaccounted losses). The feasibility of the scheme as judged by these measures and subject to these constraints is sensitive to details of the wave cycle design.
The predicted performance varied with zone stoichiometries and maximum permitted combustion temperature. It was generally found that the performance was better with both rich and lean zone equivalence ratios closer to unity, and with higher rich zone combustion temperature. The results of the analysis are presented in terms of the following variables, which are measures of the performance improvement and NO, emissio ns reduction potential:
Stoichiometric temperature in the RWQL cycle, which is a measure of the NO, formation in the mixing zone. 2 Stoichiometric temperature in the equ ivalent performance s imple cycle (a measure of the avoided NO,). 3 TIT in the RWQL cycle. 4 TIT in the equivalent performance simple cycle, which is a measure of the performance of th e RWQL cycle in conventional terms.
Plots of the stoichiometric te mperature versus the equivalent TIT are shown in Fig. 6 , for two fixed values of the actual TIT limit : 3300 R (1830 K) and 3600 R (2000 K). The ambient temperature is fixed at 400 R (220 K). On the right-hand side, an approximate scale is indicated for the Zeldovich NO formation rate at stoichiometric conditions corresponding to the left- hand side stoichiometric temperature (sec Fig. I ) . The rich zone equivalence ratio is fixed at 1.8 for the splitter cycle and at 1.5 for the bypass cycle, so that both meet a rich zone temperature limit of 4500 R (2500 K). The computed results are plotted for a range of inlet conditions to the wave rotor, which satisfies the constraints (as turbocompressor pressure ratio is varied). Corresponding plots are shown in Fig. 7 of the increment in TIT (equivalent minus actual, upper plot), which is a measure of performance improvement, and the decrement in stoichiometric temperature (actual minus equivalent, lower plot) which is a measure of the reduction in mixing-zone NO formation. Clearly. the bypass turbine scheme is considerably more effective. Note that the results for lhe bypass turbine do not include the effect of the optional heat exchanger shown in Fig.3 (which would enhance the performance and temperature reduction further).
A sample preliminary design of the bypass turbine scheme (without ht:at exchangt:), optimized for temperaturt: limit~ approximately within those mentioned above, is represented in Fig. 8 . T his design, involving external rich-stage combustion, was the basis for a detailed flow simulation described below.
The output and thermal efficiency of this engine cycle is calculated to be equivalent to a conventional cycle with a TIT of 3900 R(2170 K) and a stoichiometric temperature of 4130 R(2300 K). whereas the actual T IT is 3500 R( 1940 K) and the mixing zone stoichiometric temperature is 3660 R(2030 K). Note that the overall equivalence ratio of 0.85 represents a heat rate about twice that of conventional and advanced low NO, engines (without reheat or afterbum).
NO formation is estimated (EINO. , unitS) as follows:
• Rich zone maximum NO (equilibrium) = 1.6:
• Rich product gas equilibrium NO (after expansion) = 0.001; • NO formation rate in stoichiometric zone = 0.004 perms.
The rich-zone NO is expected to be lower than the theoretical maximum, and the mixing zone contribution is expected to be minimal. as discussed later.
Channel Flow Simulation
Splitter RWQL Cycle Flow Simulation. The splitter RWQL wave cycle has an inherent limitation similar to lhat 478 I Vol.118, JULY 1996 observed in the three-port splitter cycle (e.g., Wilson, 1993), i.e .. the outflow/inflow pressure gain for the "throughflow·· ( bypass exit flow ) varies about inversely with the mass fraction exiting in lhis port (Region I in Fig. 4 ) .
In the analytic model of the splitter cycle, there is no " dead time" between ports i and 3, i.e., 3 opens the instant i is closed. This results in excessive velocity and pressure boost in stream 2 to lhe rich stage burner. Figure 4 shows a finite dead time. which reduces this loss, because the air in the channel is brought to rest between states I and 2. The bypass port duration, and the exit pressure of the high-pressure stream, is adjustable for maximum benefit. With these features, however, the analytic solution is not applicable. This discussion does not apply to the bypass turbine cycle since port I is absent and the channel flow is always brought to rest in region . I before port 3 is opened.
The bypass air pressure boost is partly determined by the back pressure in port 5. which must be sufficiently h.igh for the lean combustion stage to be lhermodynamically worthwhile. The split air mass ratio and the pressure boost were significantly influenced by the degree of evacuation of the channel when the air inlet port is opened. and by the back pressure at port 5.
when other parameters were held constant.
An effort was made to optimize the air inflow velocity as determined by the timing of the inlet port opening. The analytic model sets the inlet Mach number to 1.0, since this results in a nearly uniform state 1 in the channel, and allows approximate analytic relations between lhe various thermodynamic states to be established. From the detailed numerical calculations, it was observed that Mach I inflow resulted in a more nonuniform hot gas outflow (greater losses). Advancement of the opening time such that the inflow Mach number averaged about 0.6 resulted in better performance.
The trends predicted by the analytic methods (for Mach I inflow) are confirmed. The simulations indi.cate that the stoichiometric temperature in the mixing zone can be reduced by about 100 R(60 K) compared with an equivalent performance cycle with RQL combustion. Simultaneously, the TIT is reduced by 50 R (30 K). These benefits are concomitant and cannot be traded against each other. since they both arise from the magnitude of the work transfer that lhe wave rotor provides from the hot gas to the air.
Bypass Turbine RWQL Cycle Flow Simulation. In the bypass-turbine RWQL scheme (Fig. 3) , all the air intended for combustion is pressurized to the maximum pressure of the wave rotor. While a fraction of the air is used for rich combustion at the high pressure, the remainder, preferably after some heat add.ition, is expanded in a turbine, "in parallel' · with the expansion of the rich gas in the wave rotor. The work produced in the turbine represents energy from combustion that is extracted p is pressure in atm. T is temperature in K Fig. 8 Sample bypass RWQL cycle prior to the combustion gas reaching the stoichiometric state. The two streams a re mixed at the exit pressure of the rich gas from the wave rotor. This effectively allows the engine to approach the performance of the ideal stoichiometric engine, while keeping NO, emissions ar.d the actua l turbi ne temperature within significantly lower limits than expected with an equi valent simple-cycle engine.
CFD s imulation of the ~ample bypass turbine design confirmed the reductions in stoichiometric temperature and in TIT. Figure 9 is a method-of-characteristics solution of a wave cycle for the bypass-turb ine RWQL scheme. based on the desig n of Fig. 8 . A distinguishing feature is that no wave compression (which could increase NO, formation) is allowed for the hot combustion gas. Figure I 0 is a T-S diagram for the engine cycle corresponding to the simulation.
The in viscid flow equations were used in this analysis. Shock losses and losses due to nonuniform flows are accounted, but not viscous and thermal effects. lf heat transfer is included or augmented, it is expected that further reduction in stoichiometric temperature will be see n.
Internal Combustion Wave Rotor Analysis the burn duration. The numerical analysis was limited to the combustion phase of the wave cycle, ignited by shock heating. The combustion of propane and butane in air was computed. using a s implified (four-step, seven species) global reaction mechanism. Details of results are given by Nali m ( 1994b).
As expected, the ignitability of a mixture is a strong function of the temperature. Shock ignition was achieved for inflowing stoichiometric mixtures at a temperature above 600 K and a Mach number of about 0.8. compressed to rest in the wave ro tor by the stopping shock tsee Fig. 5 ). Reaction in the end wall gas (where the shock begins) generates pressure waves, which q uickly build up into a detonation front.
For many applicatio ns. high inlet temperatures over a range of operating conditions may be unlikely, and the detonation/ shock-ignition mode may be impractical or unreliable. Also, the extremely hig h transient peak pressure and heat load of a deto nation front may be structurall y unacceptable. In any case, there is considerable un certainty abo ut the autoignition kinetics and induction times of many fuels. For better control of the timing and rate of reaction, it may be advisable to limit the initial te mperature so compression ignition is not spontaneous a nd to use a timed ignition source to initiate the reaction front.
Lengthwise flame propagation by laminar detlagration is very slow relative to the time scale of wave motion. Multiple ignition locations along the channel may be used. O nce initiated, flame propagatio n wi ll generate compression heating of the rest of the mixture and may accelerate the reaction front ( s). For rapid and reliable combusti on with a wide range of inlet conditions, a turbulent flame front similar to that in spark-ignited reciprocating engines is desirable. Turbulence may be generated during inflow, and by injection of a hot gas jet (or two) from a previously fired channel (suggested by earl y researchers as an ignition method). These design requirements will require further investigation, as part of a complete wave cycle design . A complete design would also require consideration of the methods for restarting the cycle and establishing periodic flow.
For minimum NO, fom1atio n. the time spent at peak temperature should be kept small. This is possible if an expansion wave is set up to follow the combustion front closely, exhausting the hot gas. The timing of the exhaust port opening has to be adjusted so as not to permit the expansion to quench the combustion front.
NO, Assessment
There is a trade-off between rich-zone and mixing-zone NO, formation, which requires optimization of the system to minimize total NO, . In conventional RQL systems the mixing zone is responsible for most of the NO,. In the RWQL schemes, slightly higher rich zone NO, may be seen, but the mixing zone NO. will be drastically reduced.
Because of the thermodynamic ad van tage of maximizing the he at release at the highest pressure zone, the rich zone may operate m a lower equivalence ratio ( less ri<.;h ) than for typical RQL 5ystems. This wi ll a l~o avoid soot formation. When the parameters are optimized for minimum NO, . it i~ expect<;:dthat any increase in ri ch 2.one NO, will be more than off5et by the reducti on in mixing-zone NO, .
Rkh Zone NO. The NO formation in the rich sectio n depends o n a complex reacti on kinetic mechanil:m. the flow pattern. and the time available. In general it has a faster time scale than in lean mi xtures. Conven ti onal RQ L combustors wi th direct fuel injection normally provide a long residence time for homogenization and equilibrati on of the ri ch mixture before injecti on of bypass air. This ensures that the mixture is uniformly at rich low-NO, conditions. In contrast. RWQL designs with exte rnal or in ternal ri ch combustion should be designed 10 minimize the residence time of the rich mixture at combustion temperature, provided heat release is substantially realized.
The residence time in the rich comb ustor can be very short because it is not required to equilibrate and mix thoroughly before expansion. Indeed. continuatio n of mixing and reaction of some residual fuel during and after expansion in the wave rotor will be beneficial. since this will provide radicals that can reduce NO as the temperature falls. Sufficient Lime can be provided d ownstream for homogenization (aided by wave-rotor-induced flow shear) and approach to low-NO, equilibrium at lower temperature before injecting bypass air.
Mixing Zone NO. Mi xing zone NO formation is governed primarily by the peak temperature (near-stoichiometric mixture) and the residence time at hi gh temperatures. T he residence time depends on the rate and completeness of mixing.
The main design variables determined from the overall cycle design are: (a) available pressure differential between the rich product gas and the bypass air ; (b) bypass to mainstream mass flow ratio; (c) the temperature of each stream: and (d) the equi valence ratio of the rich zone .
Dilution ·zone mixing studies (Holdeman, 1991) have identified two significant design parameters that influence the mixing pattern: jet-to-mainstream momentum flux ratio (J) and orifice spacing-to-duct height ratio ( Sl H ) . It has been shown that the mixing can be considerably enhanced by increasing the pressure differential (and thus J).
For the example design presented previously the peak stoichiometric temperature is 3660 R (2030 K ) . and the peak NO formation rate is only 0.004 per ms. By contrast, for a conventional cycle with RQL combustion and equi valent performance. the corresponding peak NO fo rmation rate is about 1 per ms. The increased mi xing rate will also help. Therefore. the contribution to NO formation in the mixing zone of the wave rotor eng ine cycle can be expected to be minimal.
Conclusions
Design and simulations performed indicate a substantial benefit in performance enhancement and emissions reduction by using the RWQL concept. It provides the benefits of wave rotor e nh ancement of gas wrbine engines. while controlling NOx e missions. Rich-Wave-Quenc h-Lean ( RWQL) cycles have been developed and examined parametrically. CFD simulations have been performed on the unsteady wave rotOr flows and periodic solutions have been obtained for cycles matched to an external combusti on scheme. Preliminary reactive-flow CFD simulations have also been performed on the combustion stage of internal-combustion wave rotor cycles. The bypass turbine scheme is considerably more effective than the spUtter scheme because of the large work transfer from the rich product gas to the air. A lthough th is introduces greater complexity, especially with external combusti on, the payoff is substantial, with the l'toichi ometric temperature in the mixing zone being reduced by 450 R ( 250 K) . and engine performance improved equivalent to a nearly 400 R (220 K ) rise in TIT. Equivalent benefits could be obtained if the wave rotor produces shaft work instead of the bypa1>s turbim:. Ahematt:ly, the bypass turbine's output and the overall performance and temperature reduc tions could be enhanced by augmenting heat transfer from the rich gas to the bypass air. The mechanical complexity could be simplified, and additional benefits obtained. if internal combusti on is accomplished. ln particular, the rich zone NO, formation could be reduced. losses reduced. and pressure gai n increased . Issues relating to combustion rate, consistency. and hardware design remain to be addressed.
